###### Strengths and limitations of this study

-   Community-based cohort study with a high participation rate.

-   The joint impact of maternal stature, body mass index and blood glucose level measured at gestational diabetes mellitus screening on the risk of small-for-gestational age has been for the first time examined.

-   The results were from Chinese women only and this may affect its generalisability.

Introduction {#s1}
============

Small-for-gestational age (SGA) is used to describe fetuses who fail to achieve a specific anthropometric or weight threshold by a specific gestational age. Therefore, it may include some neonates who are born constitutionally small, but not with pathological growth restrictions.[@R1] SGA infants, in general, are more likely to present with hypoglycaemia and less able to achieve the metabolic adaptation required at birth.[@R2] They are at significant risk for perinatal mortality and morbidity and create a substantial strain on the healthcare system.[@R3] Although most SGA infants go on to achieve appropriate catch-up growth by 2 years of age, ∼15% may not and most of these children continue to experience poor growth throughout childhood.[@R9] In addition, compared to those born appropriate for gestational age, SGA infants are more likely to have poor cognitive or psychological outcomes[@R10] [@R11] and are at increased risk for insulin resistance, obesity and abnormal cardiovascular risk factors profile later in life.[@R12]

SGA is usually diagnosed by examining the birth weight (BW) with gestational age. Clinically, various population birthweight centiles, such as birth weight being less than the 3rd, 5th or 10th centile, have been used for diagnosis of SGA, but the 10th centile is commonly used as infant mortality is significantly higher below this cut-point.[@R3] [@R15] The impact of maternal characteristics on SGA has been intensively studied. Confirmed maternal risk factors for SGA include small maternal stature, low prepregnancy weight, Indian or Asian ethnicity, nulliparity, mother born SGA, cigarette smoking and drug use, and maternal medical history.[@R16]

Height is one of the important phenotypic traits in human beings. Mother\'s height reflects her genetic make-up and her metabolic needs during pregnancy.[@R17] A mother\'s prepregnancy weight, or more accurately the prepregnancy body mass index (BMI), predicts her nutritional needs during pregnancy in regard to the immediate and future health of the mother and her infant.[@R18] Generally, taller mothers will have relatively larger babies and shorter mothers will have relatively smaller babies at birth. Women with higher prepregnancy BMI are more likely to deliver heavier infants if energy intake is not restricted. Women with lower prepregnancy BMI are at increased risk of delivering lighter babies if energy intake is not proportionally increased to meet the needs of the pregnancy.[@R18] [@R19] Since a fetus obtains nutrients and energy only through the placenta, maternal nutrition and energy intake is critical. There is no doubt that maternal blood glucose (BG) levels play a significant and independent role in fetal development.[@R20] Evidence indicates that women with higher levels of maternal BG or gestational diabetes mellitus (GDM) are at increased risk for delivery of large-for-gestational age (LGA) infants and establishing glycaemic control early reduces the risk.[@R21] However, the impact of low maternal BG level on fetal growth is not well understood. SGA infants are commonly hypoglycaemic at birth. It has been hypothesised that maternal hypoglycaemia may alter fetal glucose metabolism and, in turn, fetal growth.[@R24] [@R25]

Most studies that have examined maternal BG with fetal outcomes seem in favour of this hypothesis[@R26] even with different cut-offs used to establish low glucose levels. However, none of them have examined how the observed risk association interacts with other known maternal risk characteristics such as maternal BMI and stature.

In light of this, we explored the association of maternal BG level at GDM screening with risk of delivery of SGA neonates in a population-based perinatal cohort study, and examined how maternal BMI and stature influenced this association.

Methods {#s2}
=======

Participants {#s2a}
------------

The data used in this study are from a perinatal cohort study conducted in the Beichen District of the city of Tanjin, China between June 2011 and October 2012. The Beichen District has a population of ∼600 000 people with about 2000 live births annually. The details of the design and data collection can be found elsewhere.[@R30] In brief, all women with pregnancy in Beichen District registered in a primary hospital at around the 12th gestational week to receive prenatal care services. At ∼24--28 gestational weeks, they were invited to have 1 hour 50 g oral glucose challenge test (GCT) to screen for GDM and those whose GCT ≥7.8 mmol/L (140 mg/dL) further underwent a fasting 2 hour 75 g oral glucose tolerance test (OGTT) for diagnosis of GDM. Two thousand three hundred and sixty-four women of Beichen District giving birth during the study time period were included at the beginning. After excluding multiple births (n=49), mother\'s age \<19 years or \>40 years old (n=9), gestational age \<37 weeks (n=78), incomplete GCT measurements (n=41) and BG level at GCT 7.8 mmol/L (140 mg/dL) or higher (n=615), 1572 women with normal BG singleton birth were included in this report.

Information collected at GCT {#s2b}
----------------------------

One hour 50 g GCT for screening GDM was scheduled at the primary hospital at 24--28 weeks of gestation. BG was measured in 60 min after ingesting a 200 mL of 25% oral glucose solution. Height was self-reported to the nearest centimetre if known or measured at GDM screening test. Weight was measured at GDM screening test with woman wearing a light clothes without shoes to the nearest 0.1 kg. BMI was derived as the weight (kg) divided by height (m^2^). Maternal blood pressure was measured using a calibrated mercury sphygmomanometer, regular cuff size (unless obese) following a 5 min seated rest period.

Obstetric outcomes {#s2c}
------------------

Gestational age was calculated as the weeks+days between the date of giving birth and date of the last menstrual period. Infant sex was recorded as female or male. BW and length were measured in the delivery suite after the baby was dried but before breast feeding. BW was measured to the nearest 0.1 g using a digital scale and birth length was measured to the nearest 0.1 cm using a calibrated length-board with the baby in the recumbent position. Ponderal index was calculated as the ratio of BW to birth length (g/cm^3^). SGA was defined as BW below the 10th centile for the gender-specified Tianjin population.

Covariates {#s2d}
----------

Maternal demographic information was collected by a questionnaire when women came to register for receiving the perinatal care services at approximately the 12th week of gestation. It included maternal age (years), ethnicity (Han vs other), education level (\<9 vs ≥9 years), residence (urban vs rural), whether it is the first pregnancy (yes vs no), whether having given birth before (yes vs no), medical history, including liver disease, kidney disease, heart disease, hypertension, diabetes, tuberculosis, hyperthyroid, hypothyroid or any other diseases that may affect mother\'s and fetus\' vital status during the pregnancy (yes vs no), and maternity insurance (with vs without).

Statistical analysis {#s2e}
--------------------

The characteristics of participants were first compared by SGA status. Student\'s t-tests were used for continuous variables and χ^2^ tests were for categorised variables. OR and its 95% CI from logistic regression models were then used to evaluate the risk association of delivery of SGA infants with maternal BG level, BMI and stature measured at GDM screening. Maternal BG, BMI and stature were all divided by 1 SD before modelling. First, maternal BG, BMI or stature was entered into the model individually (model 1). Second, all three variables were entered into the model simultaneously (model 2). Third, apart from the three variables put in the model 2, the following potential confounding variables have been added into the model: maternal age, education attained, residence, medical history, reproductive history, maternal insurance, systolic and diastolic blood pressure, and infant sex and gestational age (model 3). In a fourth model, however, only those covariates with p values of \<0.2 from the model 3 were included into the model; they were maternal residence, insurance and diastolic blood pressure. To examine the joint effect of maternal BG, BMI and stature measured at the GDM screening test on the risk of SGA, we dichotomised these three variables as: maternal low BG (\<6 mmol/L (\<108 mg/dL)) or high BG (≥6 mmol/L (≥108 mg/dL)), low BMI (\<24 kg/m^2^) or high BMI (≥24 kg/m^2^) and small stature (\<160 cm) or large stature (≥160 cm). The later corresponds to the 75th centile standing height of Asian and/or Chinese women population.[@R31] Studies that examined the impact of BMI measured at GCT on the risk of perinatal outcomes are few. However, prepregnancy BMI ≥23.5 kg/m^2^ is considered as high for Chinese women[@R32] and BMI of 24.0--25.9 kg/m^2^ in Chinese women was found to be associated with the lowest risk of death.[@R33] Therefore, BMI of 24.0 kg/m^2^ at GCT was used as the cut-off in this study. [Table 1](#BMJOPEN2015010984TB1){ref-type="table"} shows the cut-offs for these three variables. Eight different groups were then identified and the sample size for each group is shown in [table 2](#BMJOPEN2015010984TB2){ref-type="table"}. Group 1 (ie, BG ≥6.0 mmol (≥108 mg/dL), BMI ≥24 kg/m^2^, stature ≥160 cm) was used as the reference with the covariates listed in model 4 being adjusted. Internal validation was carried out for the final model (model 4) using bootstrap resampling methods with 1000 replications to obtain receiver operating characteristic area under curve (ROC AUC) to check whether there are biased estimates. All statistical analysis was conducted using Stata-SE V.12 (StataCorp 2011. Stata Statistical Software: Release V.12. College Station, Texas, USA: StataCorp LP) with two-tailed tests and an α of 0.05 for statistical significance. The study was approved by the Research Ethics Boards of the Women and Children\'s Health Center in Tianjin, and Brock University and each participant provided an oral consent.

###### 

The cut-offs for maternal BG, BMI and stature

                    Low                        High
  ----------------- -------------------------- -------------------------
  Blood glucose     \<6 mmol/L (\<108 mg/dL)   ≥ 6 mmol/L (≥108 mg/dL)
  Body mass index   \<24 kg/m^2^               ≥24 kg/m^2^
  Stature           \<160 cm                   ≥160 cm

BG, blood glucose; BMI, body mass index.

###### 

The sample size for eight different groups

  Group     n     BG, mmol/L (mg/dL)   BMI, kg/m^2^   Stature, cm
  --------- ----- -------------------- -------------- -------------
  1 (ref)   354   ≥6 (≥108)            ≥24            ≥160
  2         179   \<6 (\<108)          ≥24            ≥160
  3         250   ≥6 (≥108)            ≥24            \<160
  4         98    \<6 (\<108)          ≥24            \<160
  5         231   ≥6 (≥108)            \<24           ≥160
  6         127   \<6 (\<108)          \<24           ≥160
  7         156   ≥6 (≥108)            \<24           \<160
  8         80    \<6 (\<108)          \<24           \<160

BG, blood glucose; BMI, body mass index.

Results {#s3}
=======

One hundred and sixty-four neonates (10.4%) were identified as SGA in this cohort. There were no statistical differences in maternal demographic variables between infants with and without SGA ([table 3](#BMJOPEN2015010984TB3){ref-type="table"}). Compared to mothers of infants without SGA, mothers of SGA infants were, on average, 2.1 cm shorter (160.8 vs 162.9 cm, p\<0.001); their BMI was lower (24.0 vs 25.4 kg/m^2^, p\<0.001); and BG was also lower (6.2 vs 6.3 mmol/L, p\<0.05). There were no statistical differences in the proportion of male infants and mean level of gestational age, but no surprise to see that the mean levels of BW, length and Ponderal index were significantly lower in SGA infants.

###### 

Characteristics by SGA status

                                                    Non-SGA (N=1408)   SGA (N=164)      p Value
  ------------------------------------------------- ------------------ ---------------- ----------
  Mothers\' demographic information                                                     
   Age (years, means (SD))                          26.6 (3.6)         26.3 (3.4)       NS
   Han ethnicity (%)                                92.1               92.7             NS
   Education ≥9 years (%)                           78.9               79.3             NS
   Rural residence (%)                              28.1               29.3             NS
   Maternal insurance (%)                           51.1               54.3             NS
   Previous disease history (%)                     3.6                4.9              NS
   Primiparity (%)                                  84.6               87.2             NS
   Have never been pregnant (%)                     60.7               64.0             NS
  Mothers' physical information measured at GCT                                         
   Height (cm, means (SD))                          162.9 (4.8)        160.8 (4.7)      \<0.0001
   BMI (kg/m^2^, means (SD))                        25.4 (3.5)         24.0 (3.4)       \<0.0001
   Systolic blood pressure (mm Hg, means (SD))      108.2 (10.9)       106.8 (10.6)     NS
   Diastolic blood pressure (mm Hg, means (SD))     69.5 (7.5)         69.2 (7.4)       NS
   BG level (mmol/L, means (SD))                    6.3 (0.9)          6.2 (1.0)        \<0.05
  Infants' physical information measured at birth                                       
   Sex of male (%)                                  50.0               51.2             NS
   Gestational age (weeks, means (SD))              39.2 (1.1)         39.3 (1.1)       NS
   Weight (g, means (SD))                           3465.0 (367.1)     2742.3 (224.7)   \<0.0001
   Stature length (cm, means (SD))                  50.3 (1.1)         48.8 (2.1)       \<0.0001
   Ponderal index (g/cm^3^, means (SD))             2.7 (0.2)          2.4 (0.4)        \<0.0001

BG, blood glucose; BMI, body mass index; GCT, glucose challenge test; SGA, small-for-gestational age.

[Table 4](#BMJOPEN2015010984TB4){ref-type="table"} shows the ORs of SGA for 1 SD change in maternal BG, BMI and stature. The ORs (95% CI) of delivery of SGA infants were similar regardless of either maternal BG, BMI and stature were entered into the model individually (model 1) or simultaneously (model 2), but without adjustment for other potential confounding variables. With 1 SD level increase (model 2), the odds of having an SGA infant decreased ∼17% for maternal BG (OR (95% CI) 0.83 (0.70 to 0.98), p\<0.05), 39% for BMI (0.61 (0.50 to 0.75), p\<0.001) and 35% for stature (0.65 (0.54 to 0.77), p\<0.001). The risk associations did not change when other potential confounding variables were modelled. The ORs of SGA were similar whether all covariates were forced into the model (model 3) or only those with p value \<0.2 (model 4). The ROC AUC was about 68.4% and bootstrap 95% CIs were similar to those in model 4.

###### 

ORs of delivery of SGA neonates for 1 SD of maternal BG, BMI and stature at GDM screening test

            n      BG      BMI                Stature                              
  --------- ------ ------- ------------------ --------- ------------------ ------- ------------------
  Model 1   1572   0.844   0.721 to 0.988                                          
            1475                              0.609     0.498 to 0.744             
            1570                                                           0.640   0.541 to 0.757
  Model 2   1475   0.827   0.699 to 0.979     0.613     0.501 to 0.750     0.647   0.543 to 0.770
  Model 3   1429   0.822   0.691 to 0.979     0.606     0.487 to 0.755     0.643   0.536 to 0.770
  Model 4   1464   0.825   0.696 to 0.977     0.571     0.461 to 0.707     0.631   0.528 to 0.754
                           0.694 to 0.980\*             0.448 to 0.727\*           0.525 to 0.756\*

Model 1: BMI, BG or stature was entered into the model alone without any adjustment.

Model 2: BMI, BG and stature were entered into the model simultaneously.

Model 3: BMI, BG and stature were entered into the model simultaneously with adjustment for maternal age, disease history, maternal residence, insurance, blood pressures, reproductive history, education received, and infant\'s sex and gestational age.

Model 4: BMI, BG and stature were entered into the model simultaneously with adjustment for maternal residence, insurance and diastolic blood pressure.

\*Bootstrap 95% CIs.

BG, blood glucose; BMI, body mass index; GDM, gestational diabetes mellitus; SGA, small-for-gestational age.

[Figure 1](#BMJOPEN2015010984F1){ref-type="fig"} shows the ORs of SGA for the joint impact of maternal BG, BMI and stature. Maternal BG, BMI and stature were dichotomised with the cut-offs listed in [table 1](#BMJOPEN2015010984TB1){ref-type="table"} and were categorised into eight groups ([table 2](#BMJOPEN2015010984TB2){ref-type="table"}). The ORs were obtained after adjusting for diastolic blood pressure, maternal residence and insurance as did in the model 4. Compared to the reference group (group 1), the ORs (95% CI) of SGA were 1.90 (0.87 to 4.14, p=0.106) for only having low BG, 2.71 (1.35 to 5.44, p\<0.01) for only having low BMI and 3.24 (1.67 to 6.29, p\<0.001) for only having small stature. When having any two of the lower items, the mothers had approximately four times higher odds of delivery of an SGA infant. If a mother was short, with low BMI and low BG, the OR (95% CI) for her to deliver an SGA infant was 8.01 (3.78 to 16.96, p\<0.001) in comparison to the reference.

![ORs of delivery of a SGA neonate for dichotomous of maternal BMI, GCT and stature after adjustment for maternal residence, insurance and diastolic blood pressure. BMI, body mass index; GCT, glucose challenge test; SGA, small-for-gestational age.](bmjopen2015010984f01){#BMJOPEN2015010984F1}

Discussion {#s4}
==========

In this study, we found that, among women with an acceptable BG level measured at GDM screening in gestational weeks 24--28, lower maternal BG was independently associated with increased odds of having an SGA infant; this association was enhanced among mothers with low maternal BMI and/or small stature. Adjusting for other potential confounding variables did not change this association. Although maternal stature and BMI add to the risk, low levels of even acceptable maternal BG at GDM screening appear to play a role in the development of SGA.

Glucose as the fuel in metabolism is the most important nutrient for fetal growth, and a normal stable glucose level is essential for having a healthy baby at birth.[@R20] The purpose of the GCT (1 hour 50 g) is to detect possible GDM among women who have no history of hyperglycaemia at early pregnancy. The results from a systematic review suggest that the cut-off of 1 hour 50 g GCT ≥7.8 mmol/L (140 mg/dL) is acceptable in screening for GDM; the pooled sensitivity and specificity were 0.74 and 0.77, respectively. However, it cannot replace the OGTT and combining the 1 hour 50 g GCT with other screening strategies for GDM is recommended.[@R34] Therefore, when the GCT BG level is 7.8 mmol/L (140 mg/dL) or higher, women are referred to have an OGTT for diagnosis of GDM. Women whose BG level ≥7.8 mmol/L (140 mg/dL) at the GCT are more likely to have a larger baby at birth.[@R35] We excluded those women from this study to avoid the potential bias on the observed risk association of SGA with low BG. Maternal low BG levels suggest a low energy supply capacity that may cause problems for normal fetal growth.[@R36] The results from most studies that examined the association between levels of maternal BG at GCT and the risk of having an SGA infant at delivery demonstrate that the lower the BG level at GCT the higher is the risk of SGA infants at delivery. The BG cut-offs varied from study to study[@R26] [@R37] from \<3.9 mmol/L (70 mg/dL) used by Melamed *et al*[@R28] to \<5.6 mmol/L (100 mg/dL) by Bienstock *et al*.[@R26] All found a risk association with SGA except one with a cut-off of \<4.9 mmol/L (88 mg/dL).[@R27] Indeed, when different cut-offs are chosen, the sensitivity and specificity will vary. As even maternal BG level measured at random ≥6.1 mmol/L (110 mg/dL) is associated with an increased risk for GDM,[@R40] we used GCT 6.0 mmol/dL (108 mg/dL) as the cut-off in this study to determine the risk of SGA. Our results indicated that the OR of SGA was approximately two times higher for women with GCT \<6.0 mmol/L (108 mg/dL) alone in comparison with the reference group though it did not reach statistical significance. When maternal BG levels were entered into the model as a continuous variable, every 1 SD increase in maternal BG levels was associated with a 17% decreased OR of SGA. Considering this alongside the fact that the observed risk association changes with different cut-offs of GCT, it could be argued that the relationship between maternal BG levels and the risk of SGA could be similar to that between maternal BG levels and the risk for LGA, which is a continuous association.[@R41] Normal pregnancy in general makes mothers slightly less insulin sensitive,[@R42] so the metabolic needs for mother and fetus can be met with a relatively high level of BG. However, when maternal BG levels raise too high as in diabetes or GDM, it leads to fetal hyperglycaemia resulting in fetal over growth. In the opposite circumstance, when maternal glucose level is too low or too insulin sensitive, fetal hypoglycaemia results in fetal under growth.[@R43] Thus, when the cut-off of low BG \<6.0 mmol/L (108 mg/dL) is chosen, at least one more maternal characteristics below the cut-off is needed to reach a statistically significant conclusion ([figure 1](#BMJOPEN2015010984F1){ref-type="fig"}).

Maternal anthropometric characteristics such as small stature, low prepregnancy BMI or poor weight gain during the pregnancy are associated with SGA risk.[@R16] [@R18] [@R19] Maternal size is considered the most important determinant of the fetal size. Small babies from short mother may not necessarily be pathologically growth restricted, but when other unfavourable factors, such as low maternal energy supply and/or poor fetal growth foundation, are added up, it may push the fetus towards SGA. Maternal prepregnancy BMI reflects the foundation for fetal growth, and low maternal prepregnancy BMI may allow less flexibility during pregnancy to address the demands of fetal growth[@R44] while meeting the needs of the mother. Our previous work indicated that higher maternal BMI and elevated maternal glucose level significantly increase the odds of macrosomic infants at delivery.[@R45] The data reported here appear to be the first study examining the combined effect of low maternal BG, low BMI and small stature on the risk of SGA. The results suggest that low maternal BG, low BMI and small stature have a synergistic effect on the odds of having an SGA infant at delivery. Using 'small' or 'low' can only describe the unfavourable but not the actual circumstances of the stature, BG level or BMI since women within each category could be healthy. Nevertheless, when a woman was categorised with three such unfavourable conditions, the odds of SGA was significantly higher compared to those who had none or fewer of them ([figure 1](#BMJOPEN2015010984F1){ref-type="fig"}). This may have potential importance in clinical practice, as it would allow the identification of women who, while having acceptable BG levels at GDM screening, have an increased risk of an SGA infant. Critically this is at a point in pregnancy where a nutritional intervention could still have a positive effect on outcome.

A number of limitations of this study should be considered when interpreting the results. First, maternal smoking was not available in this study and is one of the most important risk factors related to SGA infants.[@R46] However, previous research among women in this region indicated that the prevalence of cigarette smoking among pregnant women was below 0.2%.[@R47] Therefore, the impact of missing information of cigarette smoking may be limited. Second, we only had maternal BMI measured at GCT, but not maternal prepregnancy BMI, which might more accurately reflect mother\'s energy stores before pregnancy. Third, participants in this study had only a 1 hour 50 g GCT and not the 75 g OGTT. Thus, we are unable to determine whether women with all these maternal characteristics below the cut-off limits also had high insulin sensitivity. Fourth, all women in this study are Chinese and the majority are Han ethnicity. Thus, the results from this study may not be generalisable to other racial groups. Finally, we have no measure of the mother\'s energy expenditure or demands and its relationship to nutritional intake before or during pregnancy. Nevertheless, the major strengths of this study are that the women were from a very large prospective cohort, which is well representative of the study population, with important information related to participants\' sociodemographic characteristics during their early pregnancy and followed them to delivery.

In conclusion, among women with a normal BG level at GDM screening measured at 24--28 weeks of gestation, low BG is associated with an increased risk of having an SGA infant. The risk of SGA will be further increased when the mother is short and has a low BMI. This may be another useful clinical tool for identifying women with higher risk for SGA infant at delivery and provides an opening for research into prophylactic interventions.
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